Introduction
Buckwheat (Fagopyrum esculentum Moench) is a traditional crop with high nutritional value and low production costs. Its seeds are an important dietary source of Zn, Cu, Mn and the vitamin B group 1,2 and of phenolic compounds with antioxidant activity, such as rutin, quercetin and quercitrin. 3 Fresh green plant parts containing UV-B absorbing compounds are used as an antioxidant-rich vegetable or dried for herb-tea. [4] [5] [6] Buckwheat can be used for a wide range of food products, and being without gluten is appropriate for celiac disease patients. It has antioxidant, anti-inflammatory and anticancerogenic effects, and can reduce the fragility of blood vessels. 7 In addition, buckwheat was found to be a prebiotic food because it could increase lactic acid bacteria in rat intestine. 8 Selenium (Se) is an essential trace element for mammals with a very narrow concentration range between insufficiency and toxicity. The recommended intake for healthy adults is 55 µg Se day. 9 Insufficient intakes (<11 µg Se day -1 ) result in deficiency problems, while overdoses (3200 -5000 µg Se day -1 ) cause toxic reactions. 10 The availability and toxicity both depend on the chemical form of Se in food. 11 Se is a key component in selenoproteins (for example, glutathione peroxidases and thioredoxin reductases), which provides protection against oxidative stress. In addition, it also has an important role in protection against specific cancers.
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Selenium concentrations in cultivated plants depend on its content in soil, and are usually low (<100 ng Se g -1 ), but can be increased with various techniques of enrichment. Most often used are Se addition to soil, 13 soaking seeds in Se solution before sowing, hydroponic or aeroponic cultivation in Se containing nutrient solution and foliar treatment with Se solution. 14 Cultivation of Se-enriched plants could be an effective alternative to dietary supplementation of Se, thus ensuring sufficient intakes.
After uptake, Se is allocated in the plant via different pathways, depending on the form of Se present in the growth medium. Because of its similarity with sulfur, selenate can use the sulfate metabolic path through the plant. 15 A study of the Se species distribution in onions indicated that Se(VI) is mostly transported by an apoplastic mechanism, inert transport without infiltration into the cell and without transformation to other chemical forms, while more toxic Se(IV) crosses the cell membrane (symplastic transport) and infiltrates into the cell, where it is reduced to less hazardous seleno amino acid forms. 16 An investigation of Se speciation and its content has already been performed on different plants, including bean seeds, 17 buckwheat seeds and leaves, 13, 17 buckwheat sprouts, 18 potato tubers, 19 various cereals 20 and others. Se in Se-enriched plants is most often present in the form of SeMet or SeMeSeCys, and in the form with which the plants were treated.
The analytical techniques often used for Se content determination are HG-AAS (hydride generation atomic absorption spectrometry), RNAA (radiochemical neutron activation analysis) and HG-AFS (hydride generation atomic fluorescence spectrometry). 21 For the separation and Common buckwheat (Fagopyrum esculentum Moench) was foliarly sprayed with a water solution containing 10 mg Se(VI) L -1 at the beginning of flowering. The total Se content in plant parts in the untreated group was low, whereas in the Se-sprayed group it was approximately 50-to 500-fold higher, depending on the plant part (708 -4231 ng Se g -1 DM -1 (DM: dry matter)). We observed a similar distribution of Se in plant parts in both control and treated groups, with the highest difference in Se content being in ripe seeds. Water-soluble Se compounds were extracted by enzymatic hydrolysis with protease XIV, resulting in above 63% of soluble Se from seeds, ~14% from stems, leaves and inflorescences and less than 1% from husks. Se-species were determined in enzymatic extracts using HPLC-UV-HG-AFS (HPLC-hydride generation-atomic fluorescence spectrometry with UV treatment). The main Se species found in seeds was SeMet (~60% according to total Se content), while in stems, leaves and inflorescences the only form of soluble Se present was Se(VI) (up to 10% of total Se). In husks no Se-species were detected. We observed an instability of Se(IV) in seed extracts as a possible consequence of binding to the matrix components. Therefore, special care concerning sample extraction and the storage time of the extracts should be taken. determination of Se-species in plant samples the most frequently used methods are HPLC combined with UV-HG-AFS (with UV treatment) 22 and HPLC in combination with ICP-MS (inductively coupled plasma mass spectrometry), which has a lower detection limit in comparison to HPLC-UV-HG-AFS. 15, 23 However, the latter was primarily used in our study because it is simple, more rapid and less costly, and therefore more appropriate for routine work, particularly since Se-enriched plants were analyzed.
In the present work we investigated the Se content and its species in above-ground plant parts of buckwheat foliarly treated with Se(VI), grown outdoors in a field.
Experimental

Samples
Buckwheat (Fagopyrum esculentum Moench, cv. Darja) was sown on a field in Kleče, Ljubljana, Slovenia in July. At the beginning of flowering (6 weeks after sowing) one group of plants was sprayed with a sodium selenate solution containing 10 mg Se L -1 and detergent (Triton X-100, Sigma; 0.2 mL L -1 ). The control group of plants was sprayed with only a detergent (Triton X-100, Sigma; 0.2 mL L -1 ). The control and treated groups of plants were grown under the same weather conditions. Three random samples (I, II, III) of both Se treated and the control group of plants were taken 10 weeks after sowing, when plants reached their ripe phase. Plants were air-dried and separated into individual parts: stems, leaves, inflorescences (after removal of ripe and unripe seeds), dehusked ripe seeds, dehusked unripe seeds and their respective husks. Samples were homogenized using an agate planar micro mill at 2600 rpm (Fritsch, Pulverisette 7, Idar-Oberstein, Germany).
Reagents and chemicals
In our analysis the following chemicals were used: 96% H2SO4 (Merck, Suprapur), 65% HNO3 (Merck, Suprapur), 30% HCl (Merck, Suprapur), 37% HCl (Merck, p.a.), 30% H2O2 (Merck, p.a.), V2O5 (Merck, p.a.), NaOH (Merck, puriss p.a.), NaBH4 (Fluka, Purum p.a.), 40% HF (Merck, Suprapur), (NH4)2HPO4 (Fluka Chemie, puriss p.a.), pyridine (Fluka Chemie, puriss p.a.), protease XIV from Streptomyces griseus (type XIV: bacterial, 4.4 units/mg solid; Sigma-Aldrich), diammoniumhydrogen citrate (Fluka Chemie, puriss p.a.), citric acid (Fluka Chemie, puriss p.a.), MeOH (Primar, Fisher Scientific UK, trace analysis grade).
For the preparation of Se solutions, Na2SeO3 (Se(IV), Sigma-Aldrich, >98%), Na2SeO4 (Se(VI), Sigma-Aldrich, SigmaUltra), selenomethionine (SeMet, Fluka Chemie, >99%), selenocystine (SeCys2, Fluka Chemie, >98%) and selenomethylselenocysteine (SeMeSeCys, Fluka Chemie, >98%) were used. Stock solutions of Se species containing about 1 mg Se g -1 in 0.1 M HCl were prepared and kept at 4 C. For the preparation of solutions and sample treatment ultra-pure water (Milli-Q, Millipore Co., Bedford, MA) was used.
Se species extraction from Se-enriched above-ground plant parts
Soluble Se species were first extracted from samples by enzymatic hydrolysis; 8 g of a solution containing 60 mg of enzyme protease XIV was added to 0.6 g of a sample in a 15-mL centrifuge tube. The mixture was shaken for 24 h in a water bath at 37 C at 200 rpm. After extraction it was centrifuged at 11000 rpm for 60 min at 4 C (5804R, Eppendorf AG, Hamburg, Germany). The supernatant was separated from the residue and filtered sequentially through 0.45 and 0.22 µm Millex GV filters (Milipore Co.). Both supernatants and residues were stored at -20 C until total Se analysis and Se speciation were carried out.
Total Se determination
The total Se content was determined using HG-AFS, as described in detail by Smrkolj and Stibilj in all plant parts of Se-enriched and non-enriched buckwheat (stems, leaves, inflorescences, dehusked ripe seeds, dehusked unripe seeds and respective husks). 21 Briefly, 0.5 mL concentrated H2SO4 and 1.5 mL concentrated HNO3 were added to 0.2 g of a sample in a Teflon tube, which was closed and heated in an aluminum block at 130 C. H2O2 was added to the cooled solution, and to samples that also contained fibers 0.1 mL 40% HF. After heating and cooling the samples again, 0.1 ml V2O5 in H2SO4 was added, and afterwards the reduction of Se(VI) to Se(IV) was obtained by the addition of concentrated HCl and heating at 100 C. Digested samples were diluted with Milli-Q water before determining the Se content, which was carried out by HG-AFS, with the chemicals and operating conditions as described by Smrkolj and Stibilj. 21 Working standard solutions of 100 ng g -1 Se(IV) were prepared daily by the dilution of a 10 µg Se g -1 standard solution using the same acidic media (H2SO4 and HCl) as for the samples.
The total Se in residues was determined as described above for buckwheat samples. The Se content in supernatants was determined by adding concentrated HNO3 (1 mL) to 0.5 mL of supernatant and heating the mixture for 30 min at 80 C, and afterwards for 15 min at 160 C in the closed Teflon tubes. After cooling, H2O2 (0.5 mL) was added three times, followed by heating the mixture for about 15 min at 120 C each time. The next step was the addition of concentrated HCl (0.5 mL) to induce the reduction of Se(VI) to Se(IV), which was then determined by HG-AFS.
21 Table 1 
Se species determination
An HPLC-UV-HG-AFS system was used for the determination of Se compounds. The separation system consisted of a high pressure pump (Varian ProStar 210), a Rheodyne 7725i injector and ion (anion, Hamilton PRP-X 100; cation, Zorbax 300-SCX) exchange columns. This system was connected to a UV-HG-AFS unit used for detection. We additionally analyzed some extracts using HPLC-ICP-MS to check the accuracy of the measurements obtained with HPLC-HG-AFS. The operating UV conditions for both instruments are presented in Table 1 , and detailed descriptions for both methods were published elsewhere. 19, 22 The described separation conditions enabled the determination of Se(IV), Se(VI), SeMet, SeMeSeCys and SeCys2 with both anion and cation columns. Standards containing each Se species with a concentration of about 100 ng Se g -1 , except for SeMet at 300 ng Se g -1 , were prepared in Milli-Q water. Due to the different retention times of the Se species caused by matrix interactions in the measurement system, standard solutions of Se species was also prepared in supernatants of the control group of buckwheat plant parts.
The accuracy and precision of the results obtained for Se determination and for its species were tested using reference materials: Corn Bran (NIST 8433), Durum Wheat Flour (NIST 8436), Wheat Gluten (NIST 8414) and certified reference materials Spinach Leaves (NIST 1570a) and Wheat Flour (NIST 1567a). Good agreement was obtained for Se determination (Table 2) . Since only the literature data for the Se species in the reference materials Durum Wheat Flour (NIST 8436) and Wheat Gluten (NIST 8414) exist, a comparison with this data was made (Table 2) .
Results and Discussion
Se content in parts of buckwheat plants
The Se content in control buckwheat was low in all plant parts (<50 ng Se g -1 DM -1 ). The lowest was observed in dehusked ripe seeds and husks, while the highest was in inflorescences and leaves. The results are given in Table 3 . The high Se content in inflorescences could be explained by mineral transport pathways.
During the ripening process, minerals were transported into seeds from other plant parts, so it is likely that Se remained in inflorescences, while being transferred into seeds as they were forming. On the other hand, the Se content in seeds is relatively low; this is due to dilution caused by the high starch content. Se is usually incorporated in proteins (the majority of them are located in the germ, which represents a smaller part of the seed) and not in starch.
After foliar fertilization with sodium selenate (10 mg Se L -1 ), mass fractions of Se in all plant parts increased and were approximately 50-to 500-fold higher according to the plant part ( Table 3 ). The distribution of selenium in plant parts in Se-enriched buckwheat was very similar to that in the control group (Fig. 1) , with the exception of ripe seeds, where the mass fraction of Se increased more than in other plant parts.
The results for total Se content in Se-sprayed buckwheat were very variable. This was due to the nature of the outdoor experiment, where it was hard to achieve an even distribution of the sprayed solution on individual plants, although spraying itself was as even as possible. Some plants grew closer together than others, so that the plant leaves could be partly covered by neighboring plants in different ratios, and as a result the sprayed solution would not reach all of the leaves equally. Samples were taken randomly from different parts of the experimental field. Results are given on dry matter basis (DM).
Optimization of extraction procedure for Se speciation
Smrkolj et al. reported a low Se extractability in buckwheat leaves. 24 Our results also showed low solubility of this element not only in buckwheat leaves, but also in other above-ground buckwheat plant parts, with the exception of seeds.
We endeavored to obtain a higher percentage of soluble Se by modifying the sample preparation before extraction. We treated leaf samples in two ways, i.e. with a detergent (CellLytic P Cell Lysis, Sigma), or by shock-freezing with liquid N2. A detergent was used during the extraction process and freezing before extraction. In the freezing process 8 mL of Milli-Q water was added to each sample, and then they were frozen in liquid N2 once or three times, followed by heating to 60 C after every freezing. When the solution reached room temperature, 0.06 g of enzyme was added. In addition, we tested the effect of cooking the husks, stems, inflorescences and leaves before the enzyme was added. The respective plant parts were cooked in 4 mL of Milli-Q water at 100 C for 1.5 h. After cooling to room temperature, 0.06 g of an enzyme in 4 mL Milli-Q water was added. We also modified part of the analytical procedure after extraction. Vale et al. reported using a lower centrifugation velocity, i.e. 5000 rpm. 25 In this regard, we lowered the centrifuge speed from 11000 to 5000 rpm. However, none of the modifications used gave an improved yield of soluble Se.
Cuderman et al. faced a similar problem when analyzing buckwheat sprouts, and attempted to obtain better solubility either by altering the enzyme (protease XIV) concentration or by the use of the enzyme protease in combination with cellulose, amylase, lipase, or by freezing in liquid N2. 18 However, none of the modifications used gave a major improvement in the soluble Se content obtained.
Stability of Se species
We observed that the Se species in buckwheat supernatants after enzymatic hydrolysis were not equally stable. A standard solution of the Se compounds prepared in water was stable up to 24 h, while that prepared in enzymatic extracts of Se-untreated buckwheat seeds was not, the difference being detected after 12 h as a lower peak of Se(IV) on the chromatogram (Fig. 2) , while after 24 h only traces of Se(IV) remained. Other Se compounds in seed extracts were stable, as well as all Se species (including Se(IV)) in enzymatic extracts of other plant parts. The instability could be due to the binding of Se(IV) to polyphenols, in a similar way that Fe binds to them. 26 This could also indicate that Se(IV) might be present in Se-enriched buckwheat seeds, but is not stable in the enzymatic extract. Kitaguchi et al. detected Se(IV) in enzymatic extracts of buckwheat seeds in relatively low quantity, less than 1% of total Se. 13 However, the total Se content in their investigation was ~58-fold higher in comparison to ours. Smrkolj et al. reported good stability of all Se species in bean enzymatic extracts, 17 as did Cuderman et al. for Se species in potato enzymatic extracts. 19 
Se species in buckwheat plant parts
Around 63% of the total Se content in buckwheat seed samples was soluble, while in other plant parts this percentage was much lower (around 14% in leaves and stems and 1 -4% in inflorescences and husks). ) in solution. 27 According to the information that we had access to, there are no data about Se speciation and Se-solubility in buckwheat plant parts other than seeds and leaves.
We determined Se-species using HPLC-UV-HG-AFS in three random samples (I, II, III) of Se-enriched buckwheat plant parts. With a cation column, which was used in addition to the anion column, we were able to confirm all Se-species detected on the latter and did not find any new ones. We chose some of the enzymatic extracts for additional analysis by HPLC-ICP-MS to check the accuracy of our measurements. The results (Table 4) were in good agreement. No additional Se species were observed. The Se content in the control group of plants was too low for speciation analysis. The results for Se content in supernatants and residues are listed in Table 4 . There were no losses of selenium during extraction.
The main Se species present in ripe buckwheat seeds was SeMet, though we also detected an unknown species, X, but we were not able to identify it with the methods and standards used (Table 4 , Fig. 3 ). Smrkolj et al. also reported that the majority of Se(VI) added to buckwheat by foliar application (15 mg Se L -1 ) was transformed to SeMet (88% of total Se in seeds), 24 but did not identify the species X, found in the present study. Kitaguchi et al. cultivated buckwheat on Se enriched soil (500 mg Se m -2 ). 13 The predominant Se species in seed extracts was SeMet, while Se(VI), Se(IV) and SeMeSeCys were also present.
After the separation of three buckwheat leaf sample extracts (I, II, III), we detected a Se(VI) peak and traces of SeMet (Table 4 ). The content of Se(VI) in leaves of Se-enriched 27 They also detected SeMet and small amounts of SeMeSeCys, Se(IV) and Se(VI). In carrot leaves, foliarly sprayed with 100 mg Se L -1 in the form of selenate, Kapolna et al. detected 80 µg Se g -1 , of which they found 32% to be in the form of the Se species Se(VI), SeMet and Se(IV), in decreasing order. 28 Speciation in stems gave similar results to those obtained for leaves. We detected traces of Se(VI) as the only species present. In husks we found no Se species with the method used ( Table 4 , Fig. 4) .
Although the total Se concentrations were high, the element was found to be practically insoluble (except in seeds), and as such it was not harmful for plants. The observed low solubility of Se in green plant parts of buckwheat is probably a consequence of Se binding to oxalate crystals or phenolic substances. It is known that buckwheat contains relatively high levels of oxalate, which chelates cations such as aluminum, calcium and some heavy metals, forming stable and non-phytotoxic complexes. [29] [30] [31] According to Liu et al. , the difference in the oxalate content in various plants is due to metabolic differences among them. 32 They found much higher amounts of oxalate in buckwheat leaves in comparison to soybean leaves grown under the same conditions. In buckwheat, Shen et al. determined higher amounts of Al in the leaves than in the seeds, which indicates that there is more oxalate in leaves than in seeds. 31 We assume that Se could form a non-soluble compound with oxalate. This could explain the low solubility of Se in buckwheat leaves, and its relatively good solubility in seeds. The low solubility could also be due to Se binding to polyphenols in a similar way as Fe. 26 According to Metzger et al. , the presence of polyphenols may cause a low solubility of buckwheat proteins. 33 In addition the low solubility and relatively high concentration of Se in husks suggests that the plant has effective detoxifying mechanisms, especially as there were no observed visible toxic effects on the plants themselves.
